High frequency stimulation of the subthalamic nucleus (STN) improves motor symptoms of Parkinson's disease (PD) (Limousin et al. 1998) , but the effects of high-frequency stimulation on neuronal activity in the basal ganglia remain controversial. Inhibition of STN neurons has been observed during high-frequency stimulation in normal rats and rats with 6-hydroxydopamine (6-OHDA) lesions of the nigrostriatal dopaminergic pathway (Tai et al. 2003; Shi et al. 2006) , in primates rendered parkinsonian (Meissner et al. 2005) and in PD patients (Welter et al. 2004; Filali et al. 2004) . Contradictory effects on the neuronal activity in the basal ganglia output nuclei have, however, been reported. Whereas neurons are mostly activated in the globus pallidus of parkinsonian primates by stimulation of the STN (Hashimoto et al. 2003) , inhibition of neuronal activity has been observed in the substantia nigra pars reticulata (SNr) in rat models of parkinsonism (Tai et al. 2003; Maurice et al. 2003; Shi et al. 2006 ). An increase in the SNr neuronal activity has been recently reported during high-frequency STN stimulation in PD patients (Galati et al. 2006) . In the present study, we describe the peri-operative effects of low and high-frequency electrical stimulation of the STN on the neuronal activity of the SNr in patients with PD.
Methods

Neurosurgical procedure
Eight patients with PD (age: 50 ± 12 years; disease duration: 16 ± 5 years) underwent surgery for bilateral implantation of electrodes in the STN. The neurosurgical procedure was performed as previously described (Bejjani et al. 2000) , in patients awake, at rest, and free from antiparkinsonian treatment for at least 12 hours. The leads were implanted in a single operation, according to stereotactic coordinates determined by preoperative magnetic resonance imaging and perioperative electrophysiological recordings. Five coaxial leads (a central tungsten recording microelectrode and an external tube for macrostimulation (FHC, Instruments, Bowdoinham, ME, USA) were lowered stereotactically to 5 mm above the predetermined target, in 10-Lm steps along 5 parallel trajectories using a hydraulic microdrive (David Kopf Instruments, Tujunga, CA, USA). Four of the leads were arranged, at a distance of 2 mm, around a central lead positioned according to the stereotactic coordinates, permitting stimulation and recording from the central, anterior, posterior, medial and lateral parts of the STN and SNr. The microelectrode tip (diameter: 25 Lm; impedance: 10 megOhm) protruded 5 mm beyond the macroelectrode (exposed surface diameter: 0.7 mm; length: 1.5 mm, surface area: 6.0 mm 2 , Fig.   1 ). Signals were amplified (NL104, Neurolog System, Digitimer Ltd, UK), filtered (NL125, 500
Hz-5KHz), monitored acoustically, displayed on an oscilloscope and recorded magnetically (bandwidth: 0-5 kHz, 8 channels TEAC FM). During the electrophysiological procedure, control profile stereotactic X-ray films were regularly obtained, right-left projections, with the short Xray radiological device of the Leksell stereotactic frame to check the electrode trajectories and depth. This device consists of X-ray-visible fiducial markers and a cassette holder affixed to the stereotactic frame itself. Before starting the surgical procedure, the direction of the x-ray unit and the position of the stereotactic frame were adjusted to allow superimposition of the values of the right and left Z and Y scales of the fiducial markers at the level of the target. Trajectory reconstruction was performed on sagittal and frontal maps of a digitized Schatelbrand and Wahren stereotactic frame (Schatelbrand and Wahren, 1977) .
Electrophysiological procedure
Extracellular single-unit recordings were performed in awake but immobile patients at rest, and obtained simultaneously from the 5 leads used to identify and localize the STN, then the SNr (Hutchison et al. 1998 ). Electrode descent was stopped when at least two of them recorded neuronal activity characteristic of the SNr (Hutchison et al. 1998; Benazzouz et al. 2000) . Nigral recorded neurons were included if they were well isolated, stable (signal-to-noise ratio O 2:1, maximum amplitude change: 30%) and could be sampled for at least 60 seconds. Cathodal monopolar stimulation was performed through the macroelectrode of one electrode localized in the STN. Ipsilateral single cell recordings were made through the microelectrode tip of another electrode in the SNr. To ensure the correct positioning of the stimulating electrode into the STN, the coordinates of the STN were first determined by recording single neuron activity (Hutchison et al. 1998) , then the stimulating macroelectrode was positioned at the same coordinates. Nigral neuronal activity was recorded for 20 seconds before, during and after STN electrical stimulation at 14-and 140-Hz; current and pulse width were constant (2 mA, 60 Ls, cathodal square pulses, voltage: 2 V). This protocol, agreed by INSERM, was approved by the local Ethics Committee, and all patients signed an informed written consent.
Off-line analysis
Off-line analysis was performed with a CED 1401 data acquisition system and and Spike 2 software (Version 5; Cambridge Electronic Device, UK) (Welter et al. 2004 ). Spikes were discriminated from noise and stimulation artifacts on the basis of their form and amplitude, using the wavemark template matching utility and the double threshold window discriminator of Spike 2 (Fig. 1) . The mean firing rate and interspike intervals were calculated for each cell (Kaneoke and Vitek, 1996) . During 140-Hz STN stimulation, the mean firing rate was corrected with respect to the duration of the stimulation artifact (1 ms) for each SNr cell (representing 14% of the total duration of stimulation). Discharge pattern analysis was performed using 2 methods.
First, a discharge density histogram was constructed for each cell (with the interval t = 1/mean discharge rate) and compared with a Poisson distribution with a mean of 1.0 using the Chi square test (significant at p <0.05) (Kaneoke and Vitek, 1996) . The firing pattern was then classified as regular, irregular or bursting. Second, nigral activity was sampled for each period and epochs of elevated discharge rate were classified as bursts using a Poisson surprise analysis (Legendy and Salcman, 1985) . This was carried out using a script written for the Spike 2 software (Degos et al. 2005) . In this study, spike trains with S O 3 were considered to be bursts. Percentages of action potentials and duration with S O 3, and mean S value were calculated for each cell, and in each stimulation condition. Post-stimulus time histograms (PSTHs) were reconstructed for a 15-s period both with and without STN stimulation with a 7 ms period (7 bins of 1 ms each, 2100 sweeps) and 72 ms period (18 bins of 4 ms each, 278 sweeps) for 140-Hz and 14-Hz stimulation frequency, respectively. Cross-correlograms were used to detect rhythmic neuronal activity, they were plotted for 300 ms intervals (1 ms bin width) over a time period of 20 s before and during 140-Hz stimulation.
Statistical analysis
Results are given as mean ± SD. The effects of STN electrical stimulation on nigral neuronal activity were studied by using the non-parametric Wilcoxon Signed-Ranks test.
Changes in the firing pattern were also analyzed by using the Bowker's Test of Symmetry.
Statistical analyses were performed with the SAS software (SAS Institute). Results were considered significant at p<0.05. The confidence interval of the PSTH obtained before stimulation was calculated for each neuron and changes in PSTH under STN stimulation were evaluated by comparing values of each bin of 1 ms (with 140-Hz stimulation) and 4 ms (with 14 Hz-stimulation) to this confidence interval.
Results
Spontaneous SNr neuronal activity
Thirty-five cells were recorded from the SNr of the 8 patients. The number (mean ± SD) of action potentials recorded per cell was 3310 ± 1527, over a period of 110.9 ± 53.5 seconds.
The mean firing rate was 35.0 ± 14.3 Hz (range: 13.7-77.8 Hz). Two modes of discharge were identified (Kaneoke and Vitek, 1996) : regular (27 cells) and irregular (8 cells 
Effects of low frequency electrical stimulation of the subthalamic nucleus on spontaneous substantia nigra pars reticulata neuronal activity (Table)
Stimulation at 14-Hz in the STN did not significantly modify the mean firing rate of 16 SNr neurons (table) . The firing pattern was not modified in 14 cells (regular, n=11; irregular, n=3), one cell switched its firing pattern from irregular to regular and one cell from regular to irregular (table) . Fourteen SNr cells displayed some bursts (S value O 3), the mean percentage of spikes with a bursting mode activity was unchanged before and during 14-Hz STN stimulation (table) . The mean duration of bursting mode activity tended to decrease, however, but the difference was not significant (table) . Post-stimulus time histograms showed an inhibitory period of 9.6 ± 2.2 ms after the stimulation pulse in 5 cells (Fig. 2) . No inhibitory period during the poststimulus period was detected in 7 cells and a post-stimulus excitatory period of 25.0 ± 3.8 ms was detected in 4 cells (Fig. 2) Effects of high frequency electrical stimulation of the subthalamic nucleus on spontaneous substantia nigra pars reticulata neuronal activity (Table) STN stimulation at 140-Hz induced a 67% decrease in the mean neuronal firing rate of 16 SNr neurons (range: -32% to -100%), and a 34% increase in the mean firing rate of one SNr cell (table) . Before 140-Hz STN stimulation, 9 cells displayed a regular activity and 8 an irregular activity. There was no change in the firing pattern in 10 cells (regular, n=7; irregular, n=3), 5 cells switched from irregular to regular firing pattern and 2 cells from regular to bursting firing pattern (p=0.39, table). There was a 51% decrease in the percentage of the spikes contributing to bursts and a 70% decrease in the mean duration of bursting mode activity during 140-Hz STN stimulation (table, Fig. 3 ). In all SNr cells, post-stimulus time histograms showed a 3 phases response with an inhibition (0-2 ms)-excitation (2-4 ms)-inhibition (4-7 ms) sequence following stimulation pulse (Fig. 4) . Fifteen cells were inhibited with a persistent neuronal activity 2-4 ms after the stimulation pulse, decreased (n=10) or similar (n=5) to the neuronal activity obtained before stimulation (Fig. 4A) . In 2 SNr cells, a significant increase in the neuronal activity 2-4 ms after the stimulation pulse was induced by 140-Hz STN stimulation (Fig. 4B) . In the 4 out of 5
SNr cells with an inhibitory period during 14-Hz STN stimulation and recorded during 140-Hz stimulation, an inhibition was also observed during 140-Hz STN stimulation (not shown). In the 2 SNr cells excited by 140-Hz STN stimulation, no excitatory or inhibitory periods were noted during 14-Hz STN stimulation (not shown). In all but 2 cells, the neuronal activity recorded during 140-Hz STN stimulation was time-locked to the stimulation pulse with the presence of periodic spiking at 7.14 ms intervals, corresponding to a frequency of 140 Hz (Fig. 4) .
Discussion
This study shows that high-frequency stimulation within the STN in PD patients reduces the frequency and changes the pattern of neuronal firing in the SNr. Several lines of evidence suggest that these results are robust. 1) The recording microelectrodes were localized within the SNr, since the neuronal activity recorded during the neurosurgical procedure was similar to that previously described in animal models of parkinsonism (Tai et al. 2003; Benazzouz et al. 2000) and PD patients (Hutchison et al. 1998) . Beside the global reduction in the neuronal activity of the SNr during STN stimulation, we observed that SNr neuronal activity during STN high frequency stimulation comprised 3 components: inhibition (0-2ms)/ excitation (2-4 ms)/ inhibition (4-7 ms) following the stimulation pulse (Fig. 4) , with a periodic spiking corresponding to the frequency of stimulation (Fig. 4) . These 3 components of the SNr neuronal response to STN stimulation could result from the alternate activation or inhibition of inhibitory and excitatory afferents to the SNr. 
